I. INTRODUCTION
an experimental program to study the electronic lumines cence of isolated PAH ions and thereby to test their relSpectroscopic studies of isolated polycyclic aromatic hyevance as potential carriers for the optical emission bands, drocarbons (PAHs) have become important in astrophysics and more generally for the DIBs. With the exception of the since it was realized, over a decade ago, that these molecules benzene cation and some of its derivatives 12(a),12(b) and the may be an abundant component of the interstellar matter. 1 In particular, PAH molecular ions are considered to be plau sible carriers for some of the diffuse interstellar bands (DIBs) 2 seen in the visible region of the spectrum. DIBs are absorption features that are produced by interstellar matter. Since their discovery in the early 1920s, these bands have challenged spectroscopists for most of this century. More than 100 DIBs have now been well observed in the whole visible to near IR spectral range 3 and the number of weaker features is expected to increase as deeper surveys become available.
Recent laboratory measurements support the proposal that some of the DIBs might arise from electronic transitions in PAH cations. Salama and Allamandola 4 have shown that most of the bands of the naphthalene cation (C 10 H 8 : ) fall at DIB positions, although they cannot account for the relative band intensities. At about the same time, a substituted pyrene cation was proposed to explain the strongest DIB, that at 4430 Å. 5 It has recently been shown that the carrier may be a photolysis product of methyl-pyrene, possibly the methylene-pyrene cation. 6 This cation appears to account for the 4430 and 7565 Å DIBs and possibly for two other weaker DIBs. Other promising DIB carriers include highly unsaturated hydrocarbon chains 7(a),7(b) and the fullerene cat ion (C 60 : ). 7(c) A discussion of the various DIB carriers can be found in Ref. 8 .
It has also been recognized that some of the DIBs have counterparts in emission, implying that the carriers of these bands should be free gas-phase molecular species. 9 To date, these optical emission bands have been observed in the Red Rectangle reflection nebula 9, 10 and in the circumstellar enve lope of the carbon rich star V854 Cent. 11 We have developed a)
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FIG. 1. The absorption spectrum of neutral perylene isolated in various matrices: (A) Ne at 4 K, (B) Ar at 20 K, and (C) N 2 at 20 K. The inserts display weaker bands which have been assigned to electronic transitions to states higher than the S 1 state of perylene (Table IV) . These bands were measured for thicker deposits but their intensity has been scaled to the overall spectrum. decacyclene anion, 12(c) no studies of the luminescence of aro matic ions have been reported. In a previous short commu nication, we reported the preliminary evidence of fluores cence emission from the perylene cation (C 20 H 12 : ) isolated in inert gas matrices (Ne, Ar). 13 Evidence was found for medium-induced perturbations as well as site selectivity. In the course of this work we have carried out an extensive study of neutral perylene absorption and emission in neon, argon, and nitrogen matrices. Here we report the results. In a forthcoming paper, we will discuss the detailed spectroscopy of the perylene cation.
II. EXPERIMENT
The experimental setup, a cryogenically cooled vacuum chamber, equipped with a UV-visible-near IR spectrograph, has been described in detail in Ref. 14. After passing through the sample, the light is collected through an optical fiber cable and is guided to the entrance slit of a 0.5 m monochro mator (Acton Research Corporation). The detector is a 298 X1152 pixels charge-coupled device (CCD) area array (Princeton Instruments) thermoelectrically cooled to -40 °C. Only the longest axis of the CCD detector is used for spec troscopy measurements while pixels are binned along the shorter axis to increase the signal-to-noise ratio. Absorption spectra are measured with a deuterium lamp in the UV, from 200 to 450 nm, and a quartz tungsten halogen lamp in the visible and near IR from 360 to 2500 nm. For emission mea surements, the excitation source and the detection system light paths are at 90° with respect to one another, and the sample window is positioned at about 30° with respect to the excitation source axis (in order to minimize direct reflected light on the detector). The quartz tungsten halogen lamp is � TABLE II. Band positions and associated vibrational spacings for the S 1 (B 1u )←S 0 (A g ) transition of neutral perylene isolated in Ar matrices at 20 K [ Figs. 1(B) and Fig. 2(B3) also used as the excitation source. Radiation from the lamp is filtered with a 0.2 m monochromator (Photon Technology Instrument) to provide broadband excitation [typically 20 nm full width at half-maximum (FWHM) and 40 nm base width for slit aperture of 6 mm]. The spectrograph entrance slit is 30 µm for absorption measurements and 300 µm for the emission measurements of neutrals. The spectral resolution is less than 0.1 nm and about 0.5 nm for the absorption and emission spectra respectively. Wavelength calibration is achieved using discharge calibration lamps. The band posi tions given in this study are averaged over several experi ments. Neon (argon or nitrogen) gas and perylene, evaporated under vacuum from an oven (T�115°C), are codeposited on the cold (4.2-20 K) sapphire window of a continuous flow liquid helium cryostat. The matrix gas to perylene ratio is estimated to be about 1000. In a typical experiment, a first layer is deposited during about 60 min. The absorption spec trum of neutral perylene is recorded after 10 min. deposit and at the end of the deposit to monitor the growth and the qual ity of the matrix. The fluorescence spectrum is generally measured after the total deposit.
III. RESULTS AND DISCUSSION

A. Absorption
The absorption spectra of neutral perylene isolated in Ne, Ar, and N 2 matrices are shown in Figs. 1(A), 1(B), and 1(C), respectively. The bands and associated vibrational spacings for the S 1 (B 1u )←S 0 (A g ) transition are reported in Tables I-III. Transitions to higher electronic excited states  are listed in Table IV where a tentative assignment is pro posed following the work of Tanizaki et al. 15(a) Some of the transitions were previously reported in Ar matrices from fluorescence excitation spectra. 15(b) The inserts in Fig. 1 dis play weak bands which have been assigned to neutral perylene states higher than S 1 . These bands are better ob served after long deposits for which the S 1 ←S 0 system is saturated.
The S 1 ←S 0 transition of perylene in Ar and N 2 matrices exhibits much more structure than does the same transition observed in Ne matrices. The bands are listed in Tables II and III for a 20 K deposit. We note that considerable spectral congestion is observed for a more amorphous 4 K Ar matrix [ Fig. 2(B1) ]. The strong temperature dependence of the structure indicates that it arises from multiple site formation in the solid matrix. This temperature-dependent effect is of ten observed in matrices when a large number of different sites is formed. 16 Amongst the complex structure observed in Ar and N 2 , different sites in the solid matrix named a to e in Ar and a to d in N 2 have been identified. Other substructures have been assigned to low frequency spacings whose pos sible origin is discussed in Sec. III C.
The absorption spectrum of neutral perylene in Ar and Ne matrices has been partly reported in the literature 15(b), 17, 18 but has never been discussed in detail. As illustrated in Fig.  2(A) , in Ne matrices, each band of the S 1 (B 1u )←S 0 (A g ) system is composed of a sharp component showing weaker substructure [a in Table I and Fig. 2(A) ] as well as a broader and slightly redshifted band (b). A similar profile was ob tained by Tamm and Saari in Ne. 18 Table I lists the two series of bands associated with species a and b whose tran sition origins fall at 418.7 and 419.4 nm, respectively. These values can be compared with the value of 415.5 nm in jet experiments.
19(a)-19(c) The vibrational spacings which are re ported for a and b in Table I are very close to the spacings observed in the jet experiments 19(a),19(b) Therefore, we assign species a and b to the isolated perylene molecule trapped in two different sites in Ne matrices.
As shown in Figs. 2(B1), (B2), and (B3), the origin of the S 1 ←S 0 transition of neutral perylene in Ar matrices can be broken into many band systems whose origins fall at 433.0, 431.8, 430.3, 428.4, and 428.0 nm, respectively, for a 20 K deposit [ Fig. 2(B3) ]. This corresponds to blueshifts of 64, 145, 248, and 270 cm -1 relative to the 433.0 nm band. All the band systems and the associated substructures are listed in Table II . The vibrational spacings which are derived are close to those measured in jet experiments.
19(a),19(b) Regu lar low-frequency spacings have also been derived from the spectra and listed in Tables I-III . Their assignment, which is not unique particularly in the case of sites a and b in Ar matrices (Table II) , will be discussed in Sec. III C.
The spectrum and behavior of perylene in N 2 matrices � are comparable to those observed in Ar matrices: for a 4 K tive to the 430.6 nm band are measured. The vibrational deposit, the spectrum exhibits spectral congestion whereas spacings which are derived are close to those measured in jet four main band systems falling at 430.6, 429.6, 428.4, and experiments. According to the approach adopted in the cases 426.2 nm, respectively, dominate the spectrum for a 20 K of Ar and Ne matrices, a low-frequency spacing of 16 cm Fig. 2(C) ]. Blueshifts of 54, 119, and 240 cm -1 relahas been introduced to account for the spectral complexity. 
B. Fluorescence
Strong blue emission is observed upon electronic excita tion of matrix isolated neutral perylene at about 400 nm. The fluorescence yield of neutral perylene is very high (� 0.9) according to measurements in solution, 20 and in jets of gasphase molecules. 21 The phosphorescence emission is ex pected to be very weak. 20(b) It was measured at about 794 nm in solution 20(c) but was not detected in our experiment. Figures 3 and 4 compare the fluorescence and absorption spectra of perylene isolated in Ne and Ar matrices. The emis sion spectrum mirrors the multicomponent structure ob served in the absorption spectrum (Tables I, V, and II, VI). Low-frequency spacings were introduced to account for the structure observed in Ar matrices. The emission spectra dis played in Figs. 3 and 4 were pumped with an excitation band of 20 nm FWHM centered at 400 nm. No changes were observed in the band positions, profiles, and relative intensi ties of the fluorescence spectra when tuning the central exci tation wavelength from 395 to 412 nm. This indicates that the observed fluorescence is vibrationally relaxed. In addi tion, except for the shift induced by the matrix, the fluores cence spectrum of perylene in neon is very similar to the fluorescence spectrum measured in jets by exciting the origin of the S 1 state.
19(c) The vibrational spacings which are de rived are therefore very close to those measured in jet ex periments (Tables V and VI). They are also consistent with the fundamental vibrations of the S 0 state of perylene mea sured by IR 17 and Raman 22 spectroscopy (Table VII) .
C. Discussion
The spectra presented in this paper are typical of the results obtained in many experiments. Spectral reproducibil ity gives us confidence in the reported band structures. The spectrum of perylene is very sensitive to the solid matrix environment. This interaction with the matrix does not sig nificantly affect the perylene vibrational frequencies which are close to those observed in the gas phase, but can lead to very complex substructures. FIG . 2. The origin of the S 1 (B 1u )←S 0 (A g ) absorption spectrum of neutral perylene in (A) Ne matrices, in (B1), (B2), and (B3) Ar matrices, and in (C1) and (C2) N 2 matrices. In 4 K Ne matrices, the spectrum is very similar from one experiment to the other as shown by the plain and dotted lines in (A). In Ar matrices, the spectrum is very sensitive to the matrix temperature as illustrated in (B1), (B2), and (B3). Using as a guideline the 20 K spec trum, the observed structure has been split in different sites (a-e) and asso ciated substructures (indicated by connected vertical ticks) which are likely to be due to a low-frequency mode of perylene (cf. Sec. III C). The repro ductibility of the spectrum with temperature is illustrated by (C1) and (C2): two experiments performed in N 2 matrices at 20 K. In Ne matrices, the absorption spectrum exhibits two series of bands designated as species a and b whose origins fall at 418.7 (23 883 cm Table I ). In gas-phase jet experiments, the ori gin falls at 415.5 nm (24 067�2 cm -1
).
19(a)-19(c) The gasphase to matrix relative shift ( v/v gas ) is 0.76% and 0.93% for a and b, respectively. This is to compare to the 0.25% value measured for the smaller molecule, naphthalene, in a neon matrix.
4(a) The vibrational spacings which are reported for a and b, in Table I are also very close to the spacings observed in jet experiments.
19(a) A simple explanation is therefore to identify species a and b with perylene trapped in two different sites formed in Ne matrices. The increase in the redshift observed when going from naphthalene to perylene translates to the increasing interaction of the guest molecule with the host as the molecular size increases. Also, the in creasing shift when going from site a to site b indicates that the perylene molecule is more perturbed in the latter site. These observations seem to agree with the conclusions of MacDonald et al. 16 that substitutional sites for PAHs in inert matrices are formed by displacement of six or more inert gas atoms.
The origin of the S 1 ←S 0 transition of neutral perylene in Ar matrices is considerably more complex, especially for a 4 K deposit where spectral congestion is observed (Fig. 2) . The warming-up of the matrix (up to about 35 K) leads to an increase of the intensity of the bands associated with species a relative to the others. This behavior tends to indicate that sites of type a are dominantly formed in the matrix upon rearrangement of its solid structure. All of the substructure observed in Ar matrices could be explained by a large number of sites. However, regular spacings can be seen in the observed substructure with averaged values of 16 cm Tables I, II and V, VI and further discussed in the text. The connected vertical ticks underline the presence of low-frequency spacings which are likely to be associated to a low-frequency mode of perylene (cf. Sec. III C). Thin and thick connecting lines show the evidence for the low-frequency mode in the S 1 and S 0 states, respectively.
with sites c and e in 20 K matrices exhibit extended blue wings which are difficult to explain by site effects. The 16 cm -1 spacing is also clear in absorption in N 2 matrices and marginally observed in Ne matrices. These results suggest that the 16 cm -1 spacing is the fundamental fre quency of a low-frequency mode in the S 1 state of perylene. Looking at Fig. 2(B1) , 2(B2), and 2(B3), it appears that the intensity of the different bands associated with each site var ies with temperature. This suggests that the intensity varia tion is induced by the formation of additional sites in the 4 K matrices.
The fundamental frequency of the low-frequency mode in the S 0 state is more difficult to determine. The assignment of substructures in the fluorescence spectra in Ar matrices suggests a fundamental frequency of 11 cm -1 in the S 0 state (Table VI) . Note, however, that the measured spacings are smaller than the expected resolution for fluorescence mea surements ( 20 cm ) and thus might be questionable. This value of 11 cm -1 is compatible with a new assignment of the substructure observed in absorption in Ar matrices for sites a and b. The first assignment made in Tables II and VI Tables II and VI) reveals spacings of 16  and 11 cm -1 in the S 1 and S 0 states, respectively, similar to those derived for the other Ar sites as well as observed in Ne and N 2 matrices. This assignment implies that the lowfrequency mode is radiatively populated in the S 0 and S 1 states for sites a and b in Ar matrices, and therefore that the coupling with the matrix phonons depends both on the nature of the matrix as well as on the site structure.
The lowest frequency mode of perylene is the gerade accordion mode. 23,19(b) Indirect estimation in jet experiments led to the values of 20 and 13 cm -1 for this mode in the ground (S 0 ) and excited (S 1 ) states, respectively.
19(b) The gerade accordion mode can be described as the trans-out-of plane bending of the two naphthalene moieties on each side of a plane containing the central cycle of perylene. The ac cordion mode is symmetry forbidden in the free molecule 23 but might be induced into activity in the perturbing environ ment of solid matrices. Furthermore, this mode being very close to the lattice's phonon modes, strong coupling between the host molecule and the matrix is expected. The difference in the one-phonon density of state distribution between the various matrices 24 could therefore account for the observed spectral diversity and complexity from one matrix to the other. For instance, the phonon density at 11 and 16 cm -1 is higher in Ne matrices than in Ar matrices. A faster relaxation of the low-frequency mode is therefore expected in Ne ma trices compared to Ar matrices, which is consistent with the fact that hot bands involving this mode (bands at -11 and -16 cm -1 in Tables II and VI , respectively) are observed in Ar and not in Ne matrices. A faster relaxation is also ex pected in 20 K Ar matrices relative to 4 K matrices because of increased phonon density at higher temperature. We note that the direct measurement of the accordion mode in solid matrices leads to values which are close to the values indi rectly determined in jet experiments. However, the funda-� TABLE VI. Band positions and associated vibrational spacings for the fluorescence of neutral perylene isolated in Ar matrices at 20 K [Figs. 3(B) and 4(B) ]. The various species a-e which are observed in absorption (Table  II) 
